A new methodology combining the advanced extreme learning machine (ELM) and harmony search (HS) was proposed to model and optimize the operational parameters of the boiler for the control of NO X emissions in a 700 MW pulverized coal-fired power plant. About five days' worth of real data were obtained from supervisory information system (SIS) of the power plant to build the ELM NO X model. HS was employed to optimize the operational parameters of the boiler to minimize NO X emissions based on the prediction of NO X by ELM. Compared with the widely used learning method such as ANN and SVR, ELM performed better both in accuracy and computing time for the modeling of NO X emission. The proposed comprehensive methodology can provide desired and feasible optimal solutions within one second, which is acceptable for the online optimization.
Introduction
Nitrogen oxides (NO X ) is one of gas by-product during coal combustion, which has a serious damage on environment. It is responsible to photochemical smog, visibility reduction, acid rain and ozone depletion [1] . Therefore, the reduction of NO X emission has received a worldwide concern.
Recently, combustion optimization, which carefully adjusts the operating parameters by modeling NO X emission and adopting suitable optimization algorithms, has been proved to be an effective and economic approach to reduce NO X emissions in coal-fired utility boilers. The basic ideas of this approach include two steps, one is the modeling of NO X emissions characteristics the other is the optimization approaches. Several works on the model of NO X emissions have been reported. Zhou et al. [2] introduced ANN to model the NO X emissions of tangentially fired boilers. Si et al. reported modeling NO X emission with the popular SVR [3, 4] , in which better agreement between the predicted and measured NO X emission concentrations was achieved due to the outstanding nonlinear mapping capacities of SVR. For the procedures of NO X emissions optimization, some heuristic algorithms such as genetic algorithms [2] (GA), particle swarm optimization [5] (PSO), ant colony optimization [6] (ACO) and their variants [4, 7] were used to reduce NO X emissions and have achieved success.
In this work, the newly proposed ELM was introduced to model the relationship between NO X emissions and operational parameters. The comparisons with ANN and SVR approaches for NO X emission prediction were also made. Additionally, HS was employed to optimize NO X emissions based on the model built by ELM. Thus, a novel methodology combining ELM and HS was proposed to reduce NO X emissions in coal-fired power plant.
Data preparing
The studied boiler is a 700 MW ultra-supercritical opposed-wall-fired boiler. 7200 patterns comprehended 100 measured variables related to the boiler's operation were recorded covering 5 days of the boiler's operation. The generator load ranged from 350 to 700WM and a subbituminous coal with volatile content of 40.72% (dry-ash-free) and low heating value of 20630kJ/kg (as-received) was used during the sampling period. The sampling interval of the data was 1 minute. An additional preprocessing procedure was adopted prior to further analysis. Firstly, the constant operational variables or outliers and unusual boiler operation were removed. Secondly, average values were calculated for those muti-value variables. Consequently, temperature of 6 primary airs, coal flow rate of 6 mills, total air amount, OFA damper opening position, total coal flow rate and generator power totally 20 variables were used as input in the following modeling step.
Modeling process
Extreme learning machine [8] (ELM) proposed by Huang et al. has shown as an effective learning method to solve classification and regression issues. It has been extensively used in many fields including power engineering.
In this study, the 20 variables (xi = [x i1 , x i2 , … , x i20 ] T ) were set as input of ELM, and the only output was NO X concentrations (t i ). The ELM can be expressed as Eq. (1).
Where K is the amount of hidden neurons, w i = [w i1 , w i2 … w i20 ] is the weight vector connecting the jth hidden neuron and the input neurons, b j is the threshold of the jth hidden neuron, and j is the weight between the output neuron and the jth hidden neuron.
is the output of the jth hidden neuron, where ( ) g is activation function. Radial basis function (RBF) kernel was used in this work. Once the the hidden layer output matrix (H) is calculated, the network can accomplished easily by finding the Moore-Penrose generalized inverse of matrix H.
Result and discussion.

Modeling of NO X emission using ELM
To examine the prediction precise and generalization performance of ELM, the data were divided into three parts randomly, namely training data set, verifying data set and testing data set. A two-level grid search algorithm was introduced to obtain the optimal combination of (C, λ). In this paper, the optimal control parameters (C, λ) for ELM model were found to be (1024, 4.88E-4). With the optimized parameters, the ELM model for NO X emission can be trained and built. The remained unseen 15% testing data set were employed to evaluate the performance of the trained ELM model. For the 1079 testing cases, the comparison between the predicted results and the measured data is presented in Fig.1 . The solid line is the expected line representing that the predicted results agree with the measured data without error. The points represent the results predicted by the ELM model corresponding to the measured data which are assigned in ascending order. It is shown that the points distribute closely around the expected line. The mean relative error (MRE) and correlation coefficient (R) of the ELM model presented in this paper are 1.13% and 0.988, respectively. The maximum error is 8.97% in the 1056-th case of the testing data set. Among the 1079 testing cases, 93.98% of the cases' relative errors are less than 3%. The predicted results show good agreement with the measured values. It can be concluded that the ELM model established in this paper is competent to predict the concentration of NO X emission.
Comparisons with ANN and SVR
For comparison purpose, ANN and SVR, which were both widely and successfully used for modeling the concentration of NO X emission, were also employed to model the NO X emission in this paper. Table 1 summarizes the performance of various models. It shows the MRE, MSE and R on testing data set of different models. It can be concluded that the ANN model, which is the traditional approaches for NO X emissions modeling employed in combustion optimization, performs worse than the SVR or ELM model. It produces a least accurate prediction result for the NO X modeling process. The SVR gets a better simulation result comparing with the ANN model. But the ELM eclipses the other two models because of its more accurate prediction result and better good generalization performance. To perform on-line and real-time application in combustion optimization, the time response of the simulation process is a critical consideration. Table 1 gives the computing time cost by calculating the predicting results based on an established model. As we can see, both the three models can give a quick response to produce the results. Compared with the ANN and SVR based model for prediction of NO X emission from a combustion system, the novel ELM model is a promising alternative to improve the prediction accuracy.
Optimization NO X emissions
Harmony search (HS) was introduced to optimize NO X emissions in this section. HS was developed by Geem et al. [9] recently and has been used to solve complex optimization problems for which traditional optimization techniques are ineffective. The optimization algorithm was conducted based on two selected cases which represent BMCR and 80% BMCR. OFA damper opening position and the total air amount were optimized in the process. The optimized range of the former parameter was from 30% to 75% and the later was set to be equivalent to stoichiometric ratio from 1.135 to 1.4. The maximum number of iteration was set as 2000 as HS can get a 'stable' result. The search process was progressive and the rate of convergence was very fast, consuming 0.66 seconds of CPU time on a modern personal computer. The NO X emission concentration decreased from 429.7 and 402.6 to about 358.8 and 325.4 mg/Nm 3 for case 1 and case 2 respectively. Experiments were also made to validate the optimized condition and it showed that the NO X emissions were 361.7 and 338.9 mg/Nm 3 accordingly. Experiments also indicated that the unburned carbon in fly ash increased only about 0.28% in the optimized operational conditions, which has a slight influence on the boiler combustion efficiency. Consequently, the novel NO X reduction methodology is effective and available.
Conclusion
In this work, a new methodology combining ELM and HS was proposed to model and optimize the NO X emissions in a coal-fired power plant with real data. The newly proposed ELM showed strong generalization ability against the popular ANN and SVR in modeling the relationship between NO X emissions and operational parameters. It produced a MRE with only 1.13%, which was better than both ANN and SVR. HS was also proved to be qualified to optimize operational parameters. In two selected cases, 16.5% and 19.2% NO X reduction was achieved according to the operation suggestions given by the proposed method. This indicates that the new method could provide an alternative and effective approach to optimize the operating parameters of the coal-fired power plant for the reduction of NO X emissions.
